Hydration lubrication^[@ref1],[@ref2]^ is the mechanism whereby subnanometer thick hydration layers, tenaciously attached to the charges they surround, can sustain large normal pressures without being squeezed out, but at the same time remain fluid under shear due to rapid exchange with other water molecules. This mechanism can thus greatly reduce friction between sliding surfaces bearing such hydrated species and has been recognized as an emergent paradigm for lubrication in aqueous and biological media.^[@ref3]^ Phosphatidylcholine (PC) lipids have been identified as exceptionally efficient lubrication molecules due to the high hydration level of their phosphocholine headgroups, together with their ability to form robust layers arising from the strong attraction between their acyl tails, and have been suggested as the main boundary lubricating elements in synovial joints.^[@ref4]−[@ref6]^ Goldberg et al.^[@ref7]^ reported that hydrogenated soy phosphatidylcholine (HSPC) layers on mica, consisting of small unilamellar vesicles (SUVs), showed exceptionally low friction coefficients μ = 10^--4^--10^--5^. Sorkin et al.^[@ref8]^ found that the lubrication efficiency of lipids improved with increasing mechanical stability of the lipid layer on mica. In addition to atomically smooth mica, such hydration lubrication was also found with other substrates with hydrogel versus glass (both coated with lipid layers)^[@ref9]^ and with Si~3~N~4~ and macroscopic polyether ether ketone (PEEK).^[@ref10]^

The friction coefficient of solid--solid sliding in aqueous media can be reduced by orders of magnitude due to hydration lubrication in the presence of lipid vesicles,^[@ref8],[@ref11],[@ref12]^ bilayers,^[@ref13]−[@ref15]^ polymers,^[@ref16]−[@ref19]^ and gel particles^[@ref20],[@ref21]^ at the solid surfaces. Surface-attached micelles^[@ref22]−[@ref26]^ are of interest due to their easy preparation (they spontaneously form from solution) and control of size and stability,^[@ref27]−[@ref29]^ especially relative to lipid vesicles which require extrusion and often steric stabilization.^[@ref30]−[@ref32]^ Micelles may be hydrated so that they act as lubricating boundary layers via the hydration lubrication mechanism. Most of the studies in the area of tribology focused on cationic surfactant micelles,^[@ref23],[@ref25],[@ref33]^ since they have an affinity for the anionic surfaces which comprise many of the model substrates in aqueous media (such as mica and silica). Micelles based on cationic monomeric surfactants greatly reduced friction between two mica surfaces with an improved robustness achieved by increasing alkyl chain length.^[@ref22]^ Li et al.^[@ref34]^ compared the lubrication properties of two different cationic micelles (hydrocarbon and fluorinated surfactants) on mica. While both of the micelles can lead to similarly low friction coefficients (μ = 0.001--0.002), the fluorinated surfactants micelles can sustain higher pressure than the hydrocarbon surfactants due to the higher hydrophobic energy between fluorocarbon chains. However, in the context of biomedical applications where micelle-modified surfaces may come into contact with living biological tissue, high toxicity of such cationic materials has been found.^[@ref35]−[@ref37]^ To overcome this, biocompatible zwitterionic materials have recently attracted extensive attention in the area of biolubrication,^[@ref38]−[@ref40]^ which is an important motivation also for the present study. Zwitterionic phosphocholine groups, essentially, the head-groups of PC lipids, are both highly hydrated (up to 15 or more water molecules, depending on the method of measurement, in the first hydration shell^[@ref41]−[@ref44]^) and biocompatible. Nonetheless, both in these and other studies^[@ref22]−[@ref24],[@ref34]^ the lubrication properties broke down under sufficiently high pressure. This effect was attributed to the collapse of the micellar boundary layers (which often had a wormlike structure) due to expulsion of surfactant molecules under high stress and shear. In this study, we used three different phosphocholine-bearing surfactants to construct micelles with the idea that by suitable design of the different molecules forming the micelles we could eliminate the breakdown previously observed. The three types of phosphocholinated micelles thus prepared (see [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"} and [Experimental Section](#sec4){ref-type="other"} below) were based on (a) single tail surfactant, (b) an amphiphilic homo-oligomer, and (c) a diblock copolymer. The morphology of the micelles on the mica surfaces was imaged by AFM while the normal and shear forces between mica surfaces immersed in the micellar solutions were studied using an SFB technique.

![Chemical Structures and Synthesis Procedures\
(a) Chemical structure of single tail surfactant hexadecylphosphorylcholine (C~16~PC). (b) Synthesis procedure of an amphiphilic homo-oligomer, oligo(12-methacryloyldodecyl phosphorylcholine) (OMDPC). (c) Synthesis procedure of a diblock copolymer, poly(*n*-butyl methacrylate-*b*-2-methacryloyloxyethyl phosphorylcholine) (PBMA-*b*-PMPC).](nn0c01559_0006){#sch1}

Results and Discussion {#sec2}
======================

Hydration lubrication has emerged as a paradigm for lubrication in aqueous media based on subnanometer hydration shells which massively reduce frictional dissipation. Phospholipid vesicles (liposomes) have to date been the lubricating vectors of choice due to the high hydration of their exposed phosphocholine headgroups but have drawbacks including aggregation and complex preparation protocols. Here, we use instead phosphocholinated micelles as lubrication vectors and in particular design a number of *de novo* molecules that self-assemble into stable, uniform micelles exposing phosphocholine headgroups, which in turn form surface micellar boundary layers.

Hexadecylphosphorylcholine (C~16~PC) {#sec2.1}
------------------------------------

The adsorption of zwitterionic C~16~PC onto mica is mediated by dipole-charge interaction between the zwitterionic phosphocholine groups and the mica surface which is negatively charged under water.^[@ref7],[@ref45]^ Tapping-mode AFM was used to investigate the surfactant surface morphology following overnight incubation in the surfactant solution, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a. The AFM micrographs showed the surfactants are organized in wormlike micelles on the mica substrate having a center-to-center distance of 5.5 ± 0.6 nm (by fast Fourier transform (FFT) analysis), which is similar to hydrodynamic diameter *D*~h~ = 4.9 ± 0.5 nm of the C~16~PC micelles in dynamic light scattering (DLS) measurement, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. At its lowest energetically preferable configuration in aqueous environment, the surfactant forms spherical micelles in solution (tails to tails, see schematic in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a); however, on the surface its structure is dictated by the surface properties, such as crystallinity and charge.^[@ref24],[@ref33],[@ref46]^ The fully stretched molecular length (*L*) of C~16~PC consists of the hydrated phosphocholine group and the alkyl chain,^[@ref43]^*L* = *L*~PC~*+ L*~C16~ = 1.1 + 2.18 = 3.28 nm. In a micellar structure, the tails will not be fully stretched,^[@ref47]^ hence the similarity in the structure diameter in the bulk or on the mica surface, that is, somewhat less than twice the fully stretched length, is consistent with the micelles forming compact surfactant rods.

![Height AFM images of the mica surfaces immersed in (a) C~16~PC (0.1 mg/mL), (b) OMDPC (0.24 mg/mL), (c) PBMA~80~-*b*-PMPC~56~ (0.42 mg/mL), and (d) PBMA~80~-*b*-PMPC~16~ (0.11 mg/mL) in solutions after overnight adsorption. Cross section of the surface is presented below each image. The insets to (a, b) show the FFT analysis of the image.](nn0c01559_0001){#fig1}

![Normalized intensity-weighted size distribution of C~16~PC, OMDPC, PBMA~80~-*b*-PMPC~56~, and PBMA~80~-*b*-PMPC~16~ in water determined by DLS. The hydrodynamic size and PDI for C~16~PC, OMDPC, PBMA~80~-*b*-PMPC~56~, and PBMA~80~-*b*-PMPC~16~ in water are 4.9 ± 0.5 nm (PDI = 0.21 ± 0.11), 6.2 ± 0.8 nm (PDI = 0.24 ± 0.09), 51.2 ± 4.7 nm (PDI = 0.14 ± 0.03), and 43.6 ± 5.4 nm (PDI = 0.11 ± 0.03).](nn0c01559_0002){#fig2}

![(a) Normal force profiles *F*~n~(*D*)/*R* versus separation *D* between two mica surfaces across C~16~PC surfactant micelles solution (0.1 mg/mL) following overnight incubation, normalized in the Derjaguin approximation, where *R* is the mean radius of curvature of the mica sheets. The zero separation is with respect to air calibration between bare mica surfaces. The inset shows the surfaces jump-in from *D* = 7.8 ± 0.6 nm to *D* = 3.4 ± 0.2 nm exceeding a critical pressure in the range of 2.9 ± 0.4 MPa. (b) Frictional force *F*~s~ versus *F*~n~ between two mica surfaces across C~16~PC surfactant micelles solution, where μ ≈ 0.002 ± 0.001 prior to jump-in. The inset shows shear traces for C~16~PC surfactant micelles (lower two traces) as a function of applied back and forth lateral motion (top trace). Different-shaped symbols correspond to different contact positions based on two independent experiments with first approaches (half-filled symbols) and second approaches (filled symbols).](nn0c01559_0003){#fig3}

Normal force profiles *F*~n~(*D*)/*R* versus separation *D* between two mica surfaces across C~16~PC surfactant micelles solution are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. As the surfaces approach, weak repulsion commenced at separations in the range of 75 ± 45 nm. In our previous studies of cationic surfactants,^[@ref22],[@ref23]^ such weak repulsions were attributed to electrostatic origin. Considering the electroneutrality of the zwitterionic headgroups of C~16~PC (zeta potential of C~16~PC = −0.4 ± 1.0 mV) and the rather low magnitude and range of the repulsive interactions ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a), the repulsion may be attributed to a combination of weak double-layer electrostatic interaction together with loosely adsorbed zwitterionic surfactant micelles on the surface-attached layers. At strong compression, a "hard wall" is observed at a separation of 7.8 ± 0.6 nm, which we attribute to the contact between two compressed layers of rodlike micelles. Above a critical contact pressure of 2.9 ± 0.4 MPa, the surfaces jumped into adhesive contact with a separation of 3.4 ± 0.2 nm corresponding to one monolayer surfactant on each mica surface, as shown in the inset of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a. The value of the critical pressure varies in this small range between different experiments and contact points, likely due to small local differences in the surface structure as indicated in the AFM micrographs. There is little variation between first and subsequent approaches at a given contact area. It is particular of interest that following such a jump-in on a first approach, the rodlike micellar surface structure appears to recover when the surfaces are separated, as on a second approach the normal and frictional interactions are identical within the scatter to those on a first approach.

The friction force *F*~s~ versus the normal load *F*~n~ are summarized in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, revealing a linear dependence with friction coefficients μ = *F*~s~/*F*~n~ ≈ 0.002 ± 0.001 between two C~16~PC micelle-coated mica surfaces up to an applied pressure of 2.9 ± 0.4 MPa. We can attribute this low friction coefficient to the hydration lubrication by the highly hydrated phosphocholine groups of the surfactants exposed at the micellar surfaces, and the closed-packed wormlike structure on the substrate that can support loads. This is somewhat higher than friction coefficients between close-packed arrays of PC liposomes (where values down to 10^--4^ have been measured^[@ref7]^), possibly because the surface roughness associated with the stiffer rodlike micelle results in additional dissipation as surfaces slide past each other. An abrupt increase in the shear response was measured at a critical pressure of 2.9 ± 0.4 MPa, which is also seen in other studies.^[@ref22],[@ref24]^ On further compression, the surfaces were rigidly coupled within the range of lateral motion applied, implying μ \> 0.05 (i.e., an abrupt increase of at least 25-fold in μ), with the collapse in the layer thickness from 7.8 ± 0.6 nm to 3.4 ± 0.2 nm. We may interpret this collapse and abrupt increase in the friction as the squeeze-out of one surfactant layer with a resultant structure where each surface is covered by a monolayer exposing hydrophobic tails as revealed directly by the normal force profiles (see [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a inset). On sliding, slip must then occur whether at the tail--tail midplane or at the phosphocholine headgroup/mica interface. Both slip planes involve significant energy dissipation due to van der Waals bond breakage and reforming for the tail--tail interface or dipole-charge bond breaking and reforming for the headgroup/mica interface, and we believe this is the origin of the high friction following the micellar collapse to monolayers. It has been reported that the critical pressure needed to switch between surface micelles and a flat monolayer is related to the surfactant concentration in the solution.^[@ref24]^ It is also of interest to consider structural changes of the lubricant layers upon compression and shear, and the effect of these on the normal and shear force profiles. This may be monitored by examining if such profiles change systematically upon repeated measurements at a given contact point. Such measurements revealed, for all three nanoparticles studied, little systematic change beyond the experimental scatter in the data, except where discussed, indicating little significant structural changes of the boundary layers upon compression and shear.

Oligo(12-methacryloyldodecyl phosphorylcholine) (OMDPC) {#sec2.2}
-------------------------------------------------------

The AFM micrograph ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) showed that the OMDPC homo-oligomer organizes into wormlike micelles that are similar to, though shorter than, the C~16~PC micelles on the mica substrate. The center-to-center distance of 5.0 ± 1.0 nm (by FFT analysis) in this case, which is somewhat smaller than the hydrodynamic diameter *D*~h~ = 6.2 ± 0.8 nm of the OMDPC micelles in DLS measurement, as shown in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Normal force *F*~n~(*D*)/*R* versus separation *D* profiles between two mica surfaces across OMDPC micelles solution (at concentration 20× CMC) are shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. Weak repulsion onsets at separations in the range of 70 ± 35 nm as for the C~16~PC profiles attributed to a combination of weak double-layer electrostatic interactions and to steric repulsion due to loosely adsorbed zwitterionic OMDPC micelles loosely adsorbed on the surface-attached layers. A "hard wall" is observed at a separation of 7.8 ± 0.6 nm, which corresponds to the contact between two compressed layers of micelles up to the highest pressure of 5.0 ± 0.6 MPa applied, as shown in the inset of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, with no indication of the layer collapse that was seen in the C~16~PC micelles case. The small scatter between first and subsequent approaches at a given contact area may be attributed to slight differences in the surfactant surface coverage and structure at a given contact position induced by the shear on first approaches.

![(a) Normal force profiles *F*~n~(*D*)/*R* versus separation *D* between two mica surfaces across OMDPC oligomeric micelles solution (0.24 mg/mL, which is 20× CMC), normalized in the Derjaguin approximation, where *R* is the mean radius of curvature of the mica sheets. The zero separation is with respect to air calibration. The inset cartoon shows the micelles between the mica surfaces, where they remained up to the highest loads measured (corresponding to mean contact stresses of 5 MPa). (b) Frictional force *F*~s~ versus F~n~ between two mica surfaces across OMDPC micelles solution up to the highest pressure of 5.0 ± 0.6 MPa applied, where μ ≈ 0.004 ± 0.002. Different-shaped symbols correspond to different contact positions based on three independent experiments with first approaches (half-filled symbols) and second approaches (filled symbols).](nn0c01559_0004){#fig4}

The friction force *F*~s~ versus load *F*~n~ is summarized in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b, revealing the low friction coefficients μ = *F*~s~/*F*~n~ ≈ 0.004 ± 0.002 between the two OMDPC micelle-coated mica surfaces up to the highest loads (and pressures) accessed in our study with no indication of an abrupt increase at higher loads/pressures as was the case for the C~16~PC micelles. This strong reduction in frictional dissipation can be attributed to hydration lubrication by the highly hydrated zwitterionic phosphocholine groups of the OMDPC oligomer that are exposed at the surfaces of the closed-packed wormlike micelles which form a robust structure on the substrate. It is of interest that up to normal loads of about 3.5 mN, or normal stresses *P* ≈ 3 MPa, the friction coefficient is in the range of 0.002 ± 0.001, similar or lower than for the C~16~PC micelles up to that load ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). In contrast to the C~16~PC micelles, however, which collapse and are associated with a high friction at higher *P*, the OMDPC micelles remain superlubricious (coefficient of friction μ \< 0.01, in the so-called superlubrication regime^[@ref48]^) up to the highest loads and contact pressures applied in our study.

Thus, the main difference between C~16~PC and OMDPC is that OMDPC micelles can sustain higher pressure and shear than those of C~16~PC without any squeeze-out of the molecules. We attribute this to the very different energies needed to remove a molecule from the respective micelles as a result of compression and shear while sliding. For the case of C~16~PC, removing one surfactant molecule requires overcoming the adhesion energy *E*~C16PC~ associated with interaction of its hydrophobic C~16~ tail with the micelle hydrophobic core (ignoring here the associated reduction in repulsive energy of the hydrated phosphocholine headgroup, which will somewhat reduce this removal energy^[@ref47]^). If each −CH~2~-- group requires an energy ε~CH2~ to move from the hydrophobic core to the water, then we expect *E*~C16PC~ ≈ 16ε~CH2~. In contrast, removal of a single molecule from the amphiphilic OMDPC micelles requires overcoming the adhesion energy of the entire hydrophobic part of the OMDPC. Because each such molecule (structure in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}b) comprises roughly *n* = 5 monomers, each associated with about 14 CH~2~ units, the adhesion energy *E*~OMDPC~ associated with interaction of the hydrophobic moieties of a single OMDPC with the micelle hydrophobic core is then given roughly by *E*~OMDPC~ ≈ 5 × 14 × ε~CH2~ ≈ 70ε~CH2~. Thus, \|*E*~OMDPC~\| ≫ \| *E*~C16PC~ \| so that removal of an OMDPC molecule from its micelle is far more energetically costly than removal of a C~16~PC surfactant from its micelle. While the energy required for removal per headgroup is roughly similar for both molecules, the energy barrier in which fluctuations in the energy need to overcome to remove a molecule from its micelle is thus much higher for the OMDPC than for the C~16~PC molecules. This much larger energy for extraction of a molecule from the respective micelles is the main reason why the oligomeric amphiphile OMDPC micelles are expected to be more stable under compression and shear than the C~16~PC micelles, as indeed we observe. (A further, though less important, factor is the entropy-gain per headgroup released from the micelles, which is some *n*-fold larger for the surfactant molecules relative to the oligoamphiphile molecules, rendering release of the former more likely). This is also in line with observations of previous studies^[@ref8],[@ref22]^ that liposomes or bilayers with longer alkyl chain length of surfactant or lipid can sustain higher pressure at which the lubrication breaks down due to the more robust structure of the adsorbed layers. In the present study, we successfully implemented a different approach to improve the critical pressure of the micellar surface layers by rationally designing and using the polymerized OMDPC surfactant.

Poly(*n*-buthyl methacrylate-*b*-2-methacryloyyethyl phosphorylcholine) (PBMA-*b*-PMPC) {#sec2.3}
---------------------------------------------------------------------------------------

The surface structures of PBMA~80~-*b*-PMPC~16~ and PBMA~80~-*b*-PMPC~56~ are presented in the AFM images in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d respectively, showing that both molecules keep their solution's spherical micellar structure on the mica surface. We attribute the spherical structure to a core consisting of the hydrophobic PBMA moiety with PMPC chains stretching from its surface into the solution. We may attempt to estimate roughly the extent of this PMPC corona. Each of the PMPC~56~ moieties has a fully stretched length *L*~0~ ≈ 56 × 0.26 nm ≈14.5 nm. We may estimate the hydrophobic hard-core volume of the micelles from the "hard-wall" separation *D*~hw~ ≈ 14 ± 2 nm (see below) and the micellar diameter (about 40 nm) from the AFM micrographs ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c); then the number *n*~PBMA80~ of PBMA~80~ moieties, each of molecular weight *M*~PBMA~ = 11 500 Da, that would fill such a volume is given by *n*~PBMA80~ ≈ (volume of micellar hard-core)/(volume of PBMA~80~ moiety) ≈ 1000. The area *a* per PMPC at the micelle hard-core surface is then simply *a* = (area of micellar hard-core/*n*~PBMA80~) ≈ 4 nm^2^, corresponding to a mean spacing of 2 nm between dangling PMPC chains at the micellar hard-core surface. Because this spacing is very much less than *L*~0~, or than the good-solvent end-to-end dimension of the moieties,^[@ref49]^ we expect the PMPC chains to be strongly stretched away from the core.^[@ref50]^ Thus, the DLS peak values for the hydrodynamic size of the diblock micelles are significantly larger than the hydrophobic hard core diameter of the micelle due to this extended PMPC corona. In both cases, the coverage by the spherical micelles is not complete (i.e., not close packed as for the case of liposomes on mica surfaces^[@ref7]^). Because the concentration of the diblock micelles with which the surfaces are incubated is much (about 30-fold) higher than the critical micelle concentration of the diblocks (CMC, see [Experimental Section](#sec4){ref-type="other"}), it is unlikely that the low coverage arises from insufficient diblock micelle concentration. We attribute it rather to the mutual steric repulsion by the PMPC chains which keep the micelles apart as they adsorb on the surface (it is also possible that some of the diblock micelles are removed by the AFM tip during the scan). The surface coverage by PBMA~80~-*b*-PMPC~56~ is lower than PBMA~80~-*b*-PMPC~16~ because of the longer PMPC brushes, which act as spacers that sterically repel the micelles with a typical distance of about 20--30 nm between them. We note that this separation is roughly equal to twice the length *L*~0~ of the fully stretched PMPC~56~ moieties. The free energy loss associated with this steric repulsion limits the density of micelles on the surface, which would otherwise, driven by surface energy gain arising from counterion-release at the mica surface, tend to form a close packed array of the micelles.

Normal force profiles *F*~n~(*D*)/*R* versus separation *D* and frictional force *F*~s~ versus *F*~n~ between two mica surfaces across block copolymer micelle solutions PBMA~80~-*b*-PMPC~56~ (0.42 mg/mL) and PBMA~80~-*b*-PMPC~16~ (0.11 mg/mL) are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a,b. The "hard wall" separations *D*~hw~ for both cases are around 14 ± 2 nm, which suggests that this is the compressed hard-core diameter of the micelles, and that at most only one layer of micelles remained between two surfaces. It is of interest to compare this value with the DLS peak values *D*~DLS~. For the PBMA~80~-*b*-PMPC~56~ micelles, *D*~DLS~ ≈ 50 nm; if we subtract twice the fully stretched PMPC corona thickness (*L*~0~ ≈ 14.5 nm, see above), this reduces to (*D*~DLS~ -- 2*L*~0~) ≈ 20 nm, still larger than the hard-core 14 nm ≈ *D*~hw~. We attribute the difference to the fact that the hydrophobic micellar core, which spontaneously self-assembles in solution, may not be a dense uniform sphere possibly due to stretching by the highly extended PMPC chains at its surface. Thus, it may be compressed between the mica surfaces at high loads to a dimension *D*~hw~ \< (*D*~DLS~ -- 2*L*~0~). The fact that only a single micellar layer is believed present at the *D*~hw~ separation is consistent with the partial coverage of micelles on the surfaces revealed by the AFM images. Thus, micelles on opposing surfaces that were compressed against each other would experience a lateral stress and move sideways and intercalate, as the surfaces approached, to form a single layer. The friction coefficient for PBMA~80~-*b*-PMPC~56~ was around 0.6 ± 0.1, while the friction coefficient for PBMA~80~-*b*-PMPC~16~ was about one order smaller (μ ≈ 0.08 ± 0.01) up to 3.0 ± 0.2 atm. Above this pressure, higher μ values similar to PBMA~80~-*b*-PMPC~56~ were obtained.

![(a) Normal force profiles *F*~n~(*D*)/*R* versus separation *D* between two mica surfaces across block copolymer micelle solutions PBMA~80~-*b*-PMPC~56~ (black symbols) and PBMA~80~-*b*-PMPC~16~ (red symbols), normalized in the Derjaguin approximation, where *R* is the mean radius of curvature of the mica sheets. The zero separation is with respect to air calibration, and the cartoons indicate how the micelles intercalate on compression (for clarity, the PMPC moieties are not shown). (b) Frictional force *F*~s~ versus *F*~n~ between two mica surfaces across block copolymer micelles solution. The friction coefficient for PBMA~80~-*b*-PMPC~56~ was around 0.6 ± 0.1, while the friction coefficient for PBMA~80~-*b*-PMPC~16~ is about one order smaller (μ ≈ 0.08 ± 0.01) up to 3.0 ± 0.2 atm. Different-shaped symbols correspond to different contact positions based on four independent experiments with first approaches (filled symbols) and second approaches (empty symbols).](nn0c01559_0005){#fig5}

We may explain this frictional behavior as follows: for the PBMA~80~-*b*-PMPC~56~, the lower coverage implies that already at low pressures only a single layer of micelles is present between the surfaces. Since this layer attaches to the negatively charged mica via the zwitterionic PMPC moieties, it will adsorb to both surfaces simultaneously (micellar bridging); thus on sliding, a large energy dissipation occurs as the adsorbed PMPC chains detach and readsorb, hence the large μ value. In contrast, for the PBMA~80~-*b*-PMPC~16~ micelles the higher micellar surface concentration and shorter PMPC moieties mean that little intercalation of the micelles on opposing surfaces takes place at low pressures, and so the friction is reduced by the hydrated short PMPC moieties exposed on opposing micellar layers. A higher pressure (3 atm in this case) is required to cause the opposing micelles into a single layer, following which the frictional dissipation on sliding increases, as for the PBMA~80~-*b*-PMPC~56~, due to micellar bridging. In our previous study,^[@ref51]^ sparsely-phosphocholinated polystyrene nanoparticles (pc-PS-NP) with dense NP coverage on mica, also showed a relatively high μ, arising from intercalation of the opposing layers on compressing the surfaces.

Conclusion {#sec3}
==========

We examine here lubrication in aqueous media by surface-attached phosphocholinated micelles, aiming to exploit hydration lubrication by the highly hydrated phosphocholine groups exposed at their surfaces. Such micelles provide an attractive alternative as lubrication vectors to phosphatidylcholine liposomes or bilayers, which have been much studied recently (a special interest arising from their role in biological boundary lubrication^[@ref6]^) and which also operate via the hydration lubrication mechanism due to the ease and control of the micelle synthesis (by self-assembly from solution) and their high stability. Three types of phosphocholinated micelle-forming molecules were examined: a monomeric single-chain surfactant C~16~PC; an oligo-amphiphile OMDPC; and a PBMA--PMPC diblock copolymer. The monomeric surfactant micelles fully covered the surface with good lubrication properties (μ ∼ 10^--3^) but only up to contact pressures of some 2--3 MPa, beyond which the micelles degraded and were replaced by a single bilayer exhibiting strong friction. Such lubrication behavior is indeed characteristic of boundary layers of micelles comprising monomeric surfactants, as frequently reported. The homo-oligomeric amphiphile (OMDPC) micelles showed similar friction coefficient to that of the PC-surfactant micelles but could sustain much higher pressures, at least up to the highest measured loads in our study which corresponded to contact pressures of at least 5 MPa. The greater robustness, and thus utility, of the OMDPC relative to the C~16~PC is attributed to the much larger energy required to remove an OMDPC molecule from the micelle core, thereby preventing its rupture. The block copolymer micelles showed relatively low coverage, due to their highly extended PMPC moieties which prevented their close-packing on the surface, leading to the intercalation of opposing layers, micellar bridging, and consequent poor lubrication (μ ∼ 10^--1^). We conclude that suitably designed surfactants, such as OMDPC, may provide easily prepared, highly stable, and robust micellar boundary layers with excellent lubrication properties in aqueous media to high contact stresses.

Experimental Section {#sec4}
====================

Materials {#sec4.1}
---------

Hexadecylphosphocholine (C~16~PC, \>99%), [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}a, was purchased from Avanti Polar Lipids, Inc. (Alabama, U.S.A.). 2-(Methacryloyloxy)ethyl phosphorylcholine (MPC, 99.5%) was obtained from Vertellus Biomaterials, Basingstoke, U.K. 12-(methacryloyloxy)dodecyl phosphorylcholine (MDPC, 99%) was kindly provided by Prof. Jian Ji from Zhejiang University. Silver beads (99.9999%), azobis(isobutyronitrile) (AIBN, 98%), butyl methacrylate (BMA, 99%), ethyl α-bromoisobutyrate (98%), copper(I) bromide (CuBr, 99.999%), 2,2′-bipyridyl (bpy, ≥99%), 0.22 μm Durapore PVDF membrane, and 2-mercaptoethanol (≥99%) were purchased from Sigma-Aldrich (Israel). Aluminum oxide (neutral, activity stage I for column chromatography) was purchased from Merck KGaA (Darmstadt, Germany). Water was purified by a Barnstead Nanopure Diamond system (Thermo Fisher Scientific, Massachusetts, U.S.A.) with resistivity of 18.2 MΩ·cm and total organic carbon less than 1 ppb. Ethanol (HPLC grade) was purchased from J.T. Baker Chemical (Netherland). Ruby muscovite mica (grade 1) was purchased from S&J Trading (New York, U.S.A.). EPON 1004 resin (an average of 4.5--5.0 hydroxyl groups per molecule plus the terminal epoxy groups) used for gluing the mica sheets to the fused silica lenses for the SFB experiment was purchased from Miller-Stephenson Chemical (Danbury, U.S.A.).

Synthesis of Oligo(12-methacryloyldodecyl phosphorylcholine) (OMDPC) {#sec4.2}
--------------------------------------------------------------------

The zwitterionic OMDPC was synthesized via free radical polymerization as described in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}b. In brief, MDPC (87.1 mg, 0.2 mmol), AIBN (1.6 mg, 0.01 mmol), 2-mercaptoethanol (7.8 mg, 0.1 mmol), and 1 mL of solvent (DMF/methanol = 1:1, v/v) was added into a Pyrex vial. After removing the dissolved oxygen by purging nitrogen for 30 min, the reaction mixture was stirred at 65 °C for 16 h. The polymerization was stopped by exposing to air. The polymer was isolated by precipitation into hexane and dialyzed against pure water for 3 days using a 500 Da cutoff cellulose ester membrane (Sigma-Aldrich, Israel). OMDPC was lyophilized to afford a white solid (yield, 65%). The molecular weight and polydispersity index (PDI) of the OMDPC were 2200 Da and 1.7, respectively, determined by gel permeation chromatography (water/acetonitrile = 6/4, v/v, containing 0.1% trifluoroacetic acid as the mobile phase). The average degree of polymerization is thus about 5.

Synthesis of Poly(*n*-butyl methacrylate-*b*-2-methacryloyloxyethyl phosphorylcholine) (PBMA-*b*-PMPC) {#sec4.3}
------------------------------------------------------------------------------------------------------

PBMA-*b*-PMPC diblock copolymers were prepared using atom transfer radical polymerization (ATRP)^[@ref52],[@ref53]^ technique as described in [Scheme [1](#sch1){ref-type="scheme"}](#sch1){ref-type="scheme"}c. BMA (4.37 g, 30 mmol), ethyl α-bromoisobutyrate (0.048 g, 0.25 mmol), and bpy (0.082 g, 0.5 mmol) were dissolved in 12 mL of 2-propanol/water (1.8/0.2, v/v). The solution was deoxygenated by purging with nitrogen for 30 min. CuBr (0.036 g, 0.25 mmol) was added quickly. After 2 h of polymerization at room temperature, the reaction was stopped by exposure to air and diluted with chloroform. Then, the mixture was passed through a neutral aluminum oxide column to remove Cu-complexes. The solution was concentrated and poured into excess methanol/water (95/5, v/v) to precipitate the product. The PBMA macroinitiator was dried in vacuum for 24 h. The molecular weight and polydispersity index (PDI) of the PBMA were 11 500 and 1.13 respectively, determined by gel permeation chromatography (tetrahydrofuran as the mobile phase).

A typical polymerization procedure for PBMA-*b*-PMPC was carried out as follows. PBMA macroinitiator (0.35 g, 0.03 mmol) and bpy (9.4 mg, 0.06 mmol) were dissolved in 1.5 mL of chloroform, while MPC (0.53 g, 1.8 mmol) was dissolved in 1.5 mL of methanol. The two solutions were mixed and deoxygenated by purging nitrogen for 30 min. CuBr (4.3 mg, 0.03 mmol) was added quickly and the reaction mixture was stirred at room temperature for 24 h. Then, the reaction was stopped by exposure to air and dialyzed against pure water using a 3500 Da cutoff cellulose membrane (Sigma-Aldrich, Israel) for 3 days. The PBMA~80~-*b*-PMPC~56~ was obtained by lyophilization. ^1^H NMR was used to confirm the composition of PMPC-*b*-PBMA block copolymers ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01559/suppl_file/nn0c01559_si_001.pdf)). PBMA~80~-*b*-PMPC~16~ was obtained using the same method with a feed ratio of 20 (MPC monomer to PBMA macroinitiator). The composition of PMPC-*b*-PBMA block copolymers are summarized in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01559/suppl_file/nn0c01559_si_001.pdf) (Supporting Information).

Dynamic Light Scattering (DLS) {#sec4.4}
------------------------------

Size distribution and zeta potential of micelles were characterized using a Zetasizer Nano-ZS instrument (Malvern Instruments Ltd., Malvern, WR, U.K.) equipped with a red laser (633 nm) and a scattering angle of 173°. The backscatter detection is advantageous to measure the samples as the light passes through a shorter path length in the sample and reduces the multiple scattering and contaminant effects. All of the micelle solutions were filtered through a 0.22 μm Durapore PVDF membrane before the measurements. The concentration of micelles was adjusted to 0.1 mg/mL prior to the measurements. All measurements (at least three measurements for each sample) were performed at 25.0 ± 0.1 °C. The apparent hydrodynamic diameter *D*~h~ was determined from diffusion coefficients (*D*) by the Stokes--Einstein equation for a sphere, where *k*~B~ is the Boltzmann constant, *T* is the absolute temperature, and η is the solvent viscosity. The size distribution results are presented as the normalized intensity-weighted size distribution.

Micelles Preparation {#sec4.5}
--------------------

The C~16~PC and OMDPC solution for the AFM and SFB experiments was prepared by direct dissolution method^[@ref54]^ with a concentration corresponding to ∼20 times the CMC (CMC for C~16~PC and OMDPC is 4.9 mg/L^[@ref43]^ and 11.9 mg/L, respectively, as shown in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01559/suppl_file/nn0c01559_si_001.pdf)). The PBMA-*b*-PMPC polymeric micelle solution was prepared by dialysis method.^[@ref55]^ Typically, 20 mg of PMPC-*b*-PBMA was dissolved in 2 mL of methanol and dimethyl sulfoxide mixture solvent (1/1, v/v). The polymer solution was slowly added to 20 mL of pure water under stirring. After stirred for 2 h, the solution was dialyzed against pure water using a 3500 Da cutoff cellulose membrane for 3 days. The concentration of polymeric micelles solution used for AFM and SFB corresponds to ∼30 times the CMC (CMC for PBMA~80~-*b*-PMPC~56~ and PBMA~80~-*b*-PMPC~16~ are 14.1 mg/L and 3.5 mg/L, respectively).

Atomic Force Microscopy (AFM) {#sec4.6}
-----------------------------

An MFP-3D stand-alone AFM (Asylum Research, Oxford Instruments, Santa Barbara, CA) was used for imaging the structures of micelles on the mica surfaces. Scanning in noncontact (tapping) mode under aqueous solution was carried out using SNL-10 tips (silicon tip on a silicon nitride cantilever, Bruker) with a nominal spring constant of 0.35 N/m. The AFM tip holder was irradiated in a UV-ozone cleaning system (ProCleaner Plus, BioForce Nanosciences, United States) for 15 min prior to use.

Surface Force Balance (SFB) {#sec4.7}
---------------------------

The SFB technique and experimental procedure for the measurement of normal (*F*~n~(*D*)) and lateral (*F*~s~(*D*)) forces between atomically smooth mica surfaces at separation *D* (whose absolute value is measured via multiple-beam interferometry) in a crossed cylinder configuration have been previously described in detail elsewhere.^[@ref23],[@ref56]^ A particular advantage of the SFB in measuring normal and lateral surface interactions is that the absolute intersurface separation *D* is directly measured (by optical interference). This is in contrast with scanning probe methods (such as AFM) where absolute separations between the interacting surfaces cannot be directly measured (only relative motions of the surfaces may be monitored). This knowledge of the absolute values of *D*, and how they may change, enables considerably better insight into the nature of the surface boundary layers and any changes that may occur. In brief, all glassware was cleaned in piranha solutions (**Caution**: piranha solution, a 3:1 mixture of concentrated sulfuric acid with 30% hydrogen peroxide solution, is extremely dangerous and should be handled very carefully) and then sonicated in water and ethanol. Stainless steel tools were passivated in nitric acid solution (33%). Mica sheets with a thickness of 2--4 μm were prepared by the melt-cutting method reported previously.^[@ref57]^ Two back-silvered single-crystal mica sheets (∼1 × 1 cm) from the same primary facet were glued onto cylindrical glass lenses (radius of 1 cm). *F*~n~(*D*) and *F*~s~(*D*) between two surfaces were measured by monitoring the bending of two orthogonal springs (normal spring constant *K*~n~ = 127 N/m and lateral spring constant *K*~s~ = 300 N/m). The bending of normal spring was determined optically by tracking the change in wavelength of fringes of equal chromatic order (FECO). The bending of lateral spring was detected by the changes in an air gap capacitor. The mean pressure *P* between two compressed surfaces was calculated as measured normal force divided by the contact areawhere *a* is the mean radius of the contact area when there was a clear flattening of the interference fringe. At low loads (when there was no clear flattening), the Hertz contact theory^[@ref58]^ was used to estimate the contact radius *a* of two nonadhesive elastic surfaceswhere *K* is the effective elastic modulus of the glue/mica combination (*K* = (5 ± 2) × 10^9^ N/m^2^). All of the measurements were carried out in the micelle solutions following overnight incubation. An equilibration time of 0.5 h between different approaches was chosen to ensure the self-healing of surfactant or polymers reabsorbed on the mica surfaces.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsnano.0c01559](https://pubs.acs.org/doi/10.1021/acsnano.0c01559?goto=supporting-info).Additional experimental details including determination of CMC and ^1^H NMR results ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsnano.0c01559/suppl_file/nn0c01559_si_001.pdf))
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